Betafite is a uranium-titanium-tantalum-niobium complex oxide mineral generally described as (Ca,U) 2 (Ti,Nb,Ta) 2 O 6 (OH). Significantly lower uranium extractions have been observed when betafite containing ores have been treated via conventional process flow sheets.
Introduction
Over the past sixty years, uranium has become an important source of energy with global demand exceeding supply since the early 1990's [World Nuclear Association, 2012] . Once the supply of uranium from easy to process ore deposits is exhausted, the mining industry will be required to turn to more challenging deposits, including those that contain uranium locked within refractory minerals such as betafite.
Significantly lower uranium extractions observed when betafite containing ores are treated via conventional process flow sheets are attributed to the uranium being locked in the betafite [Grunig, 1981; Abraham, 2009; Taylor, 2011] . Betafite has extensive crystal lattice substitutions containing complex associations of uranium with titanium, tantalum and niobium, which make it difficult to predict its exact leaching behaviour. This possibly is one of the reasons why there are very few studies that have focused on the extraction of uranium from this mineral. Indeed, rather than study its leaching from a hydrometallurgical point of view, previous studies have assessed the dissolution of uranium from betafite in a geological setting in order to determine its potential suitability as a stable host mineral that could be doped with high levels of nuclear waste or weapons grade plutonium and safely immobilised in a long term geological repository [Lumpkin and Ewing. 1996 , Ewing et al. 2004 , Geisler et al, 2005 . To the author's knowledge, only one other study has been completed that has focused on the leaching of uranium from a pure betafite mineral with the intention of extracting it as a commodity [McMaster et al, 2012] . The study by McMaster et al. [2012] used acidic, oxidative conditions and achieved a maximum extraction of 43% uranium. In most multiple oxide minerals, uranium is present as the relatively insoluble tetravalent ion and requires oxidative leaching conditions to convert it into the more soluble hexavalent uranyl ion (UO 2 2+ ). Ferric ions are a widely used reagent in uranium leaching systems to provide the oxidative conditions required for the desired dissolution reaction and can be added or generated in-situ by the parallel dissolution of an existing iron containing mineral source present within the ore. Assuming that uranium is present in the host mineral as a tetravalent ion, the oxidative dissolution process is expected to occur according to Reaction 1, coupled with the reduction of Fe 3+ shown by Reaction 2:
Oxidation:
Reduction:
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4 The hexavalent uranyl ion can then form stable uranyl sulfate complexes in the acidic aqueous solution [Langmuir, 1997] as shown by Reaction 3:
The E h -pH diagram in Figure 1 shows the stability regions of the predominant uranium species in sulphate solution under nominal leaching conditions. HSC Chemistry software (version 7.1) was used to study the thermodynamics of the system [Roine, 2011] . 
Uranium rich betafite is generally found in a metamict state. The term 'metamict' is used to describe the destruction of the crystal structure caused by internal radiation resulting in an amorphous formation. Previous studies by Lumpkin and Ewing [1988] have shown that the metamict transformation from crystalline to amorphous state progressed as a function of geological age. In many cases, the metamict state enabled an increased dissolution of uranium and thorium in geological settings [Lumpkin and Ewing, 1996; Geisler et al. 2005;  A C C E P T E D M A N U S C R I P T
5 Pöml et al. 2007] . To better understand the leaching behaviour of this mineral under oxidative acidic sulphate conditions, the leaching kinetics and reaction mechanism of uranium from a natural, metamict betafite as well as from betafite recrystallised by heating were investigated.
Materials and Methods
This study investigated the rate and extent of uranium dissolution from metamict and recrystallised betafite as a function of time, initial sulphuric acid concentration, initial ferric concentration and temperature. Details of the testwork are outlined in this section.
Sample Preparation
The betafite crystal used in this study originated from the Silver Crater Mine, Basin Property, in Ontario, Canada. The Basin Property hosts a coarsely crystalline, cream coloured calcite body with large crystals of betafite, black mica, hornblende, apatite and zircon [Satterly and Hewitt, 1955] . The 270 x 220 x 160 mm 18.537 g sample had two well-developed crystal phases, showing intergrown cubic faces with a small amount of residual apatite on one side.
The sample was prepared by crushing the whole rock with a pestle and mortar to provide a feed material with a P 80 of 75 µm for the leaching tests. Approximately 6.8 g of the sample was roasted in air for 18 hours at 1100 ºC to reform the betafite crystal structure and generate an alternative crystalline feed material for comparative leaching experiments. The natural (metamict) and roasted (recrystallised) materials were weighed into 0.3 g portions and packaged in vials prior to the commencement of the leaching test work. The remainder of the sample was used for further physical and chemical characterisation and analyses.
Reagents
The two main chemical reagents used in the study were analytical grade sulphuric acid The solutions were mixed with a magnetic stirrer for 18 hours and then analysed to verify the initial free acid concentration and the actual iron concentration in solution. The free acid
concentrations were determined by titration using potassium oxalate with a Titrando 842 automatic titration system to accuratly report the four different acid concentrations of 53.3, 57.1, 106.0 and 214.5 g/L H 2 SO 4 . The initial iron concentration was determined by inductively coupled plasma optical emission spectrometry (ICP-OES) and the densities were measured with a digital Anton Paar DMA 35 density meter.
Dissolution Studies
A total of 36 leaching tests were conducted using the facilities at the Commonwealth The 0.3 g solid betafite feed samples were added to each of the pre heated leach solutions.
The exact time of addition was recorded as t = 0. The bottles were removed from the bottle roller periodically at t = 0. 25, 0.5, 1, 3, 6, 8, 24 and 48 hours to monitor the weight, temperature, E h and pH. The solids were allowed to settle at each time interval prior to 3 mL aliquots of solution being extracted and filtered through a 45 µm nylon filter.
After a reaction time of 48 hours, the leach solutions were cooled in a sink of cold water, and then vacuum filtered over a 45 µm filter paper. The residual solids were gently rinsed with 50
mL of deionised water from a hand held wash bottle and dried at 60 ºC in air. The free acid in the remaining leach liquor was determined via automatic titration.
Kinetic expressions are widely used to develop an understanding of the reaction mechanism for hydrometallurgical processes which can be described as the heterogeneous reaction:
The percent uranium dissolution can be converted to a fraction of the uranium reacted (X) and applied to the three common kinetic models listed below [Levenspiel, 1999] . This was utilised in the present study assuming the following principles:
a) The shrinking core model (controlled by diffusion through an inert layer)
b) The shrinking sphere model (chemical reaction controlled process)
c) The shrinking sphere model (diffusion controlled process)
where is the apparent rate constant and t is time in seconds.
The shrinking core model is an idealised kinetic model commonly used in hydrometallurgical applications to model various leaching systems [Gbor and Jia, 2004] . It suggests that the overall diameter of a particle does not significantly change during the leach reaction, due to the formation of an impermeable or semi-impermeable solid layer on the surface of the particle [Levenspiel, 1999] .
The shrinking sphere reaction controlled model applies in situations where the rate of the leaching reaction is not hindered by the effects of mass transport [Levenspiel, 1999] . On the other hand, when the flux of reactants towards or the flux of products away from the particle surface is mass transport limited, a diffuse layer forms at the particle's surface and the
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8 leaching mechanism is said to behave according to the shrinking sphere diffusion controlled model [Levenspiel, 1999] .
Analytical Methods
A particle size analysis was conducted on representative samples of the feed material using a Microtrac S3500 Series Laser Sizer at Murdoch University. A sample of the original betafite feed material was sent to a local commercial laboratory for inductively coupled plasma mass spectrometer (ICP-MS) and atomic emission spectrometer (ICP-AES) analysis. The concentration of uranium in all the leach liquor solution samples was determined by an ICP-AES analysis. The metamict and recrystallised feed materials and selected leach residues were also analysed using a JEOL JCM-6000 bench top scanning electron microscope (SEM)
in combination with energy dispersive X-ray (EDX) analyser at Murdoch University. The SEM was operated at 15 kV, vacuum of 10 -3 Pa and 500x magnification. The results were interpreted using JEOL software and Microsoft Excel. X-ray diffraction (XRD) was used to determine the crystal structure and the composition of the metamict and recrystallised betafite feed material and selected leach residues. The samples were finely crushed using a pestle and mortar then mixed with a small amount of ethanol to spread the material evenly on X-ray absorbing silicon metal plates. The ethanol was allowed to evaporate prior to the analysis. A GBC enhanced multi material analyser (EMMA) was used with a CuKα radiation source at Murdoch University. The diffractometer was operated at a voltage of 35 kV and current of 28 mA. Diffraction patterns for the sample were collected over a range of 10 -90° with a step size of 0.02°. The results were interpreted using GBC VisX122E software and Microsoft Excel.
Results and Discussion

Geochronology
An understanding of the geochronology of a particular ore body may provide a useful indicator for the leaching behaviour of uranium from betafite at the early stages of a project.
Previous studies by Lumpkin and Ewing [1988] showed that the metamict transformation from crystalline to amorphous increased as a function of geological age. In many cases involving leaching, the amorphous state increased the dissolution of uranium and thorium in geological settings [Lumpkin and Ewing, 1996; Geisler et al. 2005; Pöml et al. 2007 ].
Radiogenic lead Pb-206 is formed exclusively by the decay of U-238, therefore the rate of uranium decay is a direct correlation of lead formation.The age of the betafite sample used in this study was estimated based on the amount of Pb-206 present.Using the following set of six assumptions, the approximate age of the mineral was estimated at around 447 Ma. The six assumptions made to obtain this estimate were that:
i. in nature, 99.28 % of uranium is found as U-238, so it can be assumed that 99.28
% of the uranium in the betafite sample was U-238.
ii. all of the lead present within the tested betafite sample was radiogenic Pb-206;
iii. the betafite crystal formed in a closed system (nothing leaked in or out);
iv. at the time of formation there were no daughter isotopes present;
v. the rate of radioactive decay stayed constant throughout the time period; and vi. the feed material was a homogenous betafite mineral.
This estimate seems conservative in comparison to other samples from the Bancroft region.
Lumpkin and Ewing [1996] reported that betafite samples from Grenville Rocks near Bancroft, Ontario, Canada were approximately 1 Ga and completely amorphous. Other betafite minerals from the Bancroft region were estimated to be approximately 1000 Ma and were typically amorphous [Lumpkin and Ewing, 1988] .
Chemical Composition
The average chemical composition of the natural betafite feed sample is presented in Table 1 .
The weight percent determined via ICP-MS analysis sums accounts for 64.94 % of the solid sample. The remaining 35.06 % w/w can be attributed to oxygen and unaccounted impurities. The elemental assays were converted to the most common oxide to compare between the compositions of (i) the sample of metamict betafite used in this study, (ii) another metamict betafite crystal also from the Canadian Bancroft region [Hogarth, 1959] and (iii) a non metamict betafite sample from Le Carcarelle, Italy [Cámara et al. 2004] . As shown in Table   2 , the betafite samples from the Bancroft region had similar compositions, while the non metamict sample contained significantly more uranium and less tantalum. 
Crystal Structure and Mineralogical Composition
X-ray diffraction (XRD) analysis was used to determine the crystal structure and mineralogical composition of the feed material. Four small samples of the metamict betafite were heated in air at 400 °C, 600 °C, 800 °C and 1100 °C for 18 hours to achieve thermal recrystallisation. Figure 2 shows the powder XRD pattern of the metamict (amorphous) natural betafite material and the progressive thermal recrystallisation that occurred at the designated temperatures.
The amorphous betafite did not produce any Bragg diffraction peaks during the XRD analysis. Two broad humps are visible, at approximately 2θ = 30° and to a lesser extent at 2θ = 50º which is characteristic of completely metamict, amorphous betafite [Lumpkin, 2001; Geisler et al, 2005] . The 400 °C plot shows that a slight peak emerged at 2θ = 30° but the rest of the pattern remained unchanged. Recrystallisation appears to have initiated after the betafite was heated to 600 °C, but the peaks were still quite broad indicating that the crystal structure was not completely reformed. Further structural reformation was observed after
heating at 800 °C and complete reformation appears to have occurred after heating the betafite to 1100 °C.
The XRD pattern in Figure 2 shows clear formation of betafite and confirms that the sample is primarily betafite, with evidence of some impurities at 27.18 2θ, 35.05 2θ and 53.62 2θ.
This is most likely to be a niobium rutile phase (PDF-01-072-7376) and is not an unusual observation as McMaster [2012] identified the presence of niobium rutile in a sample of betafite from Madagascar that had been recrystallised at 1000 ºC, while Takubo et al [1951] had also identified rutile in the XRD patterns of ignited betafite.
Figure 2. X-Ray powder diffraction patterns for the amorphous and recrystallised betafite
Top: Powder X-Ray diffraction pattern of untreated, amorphous betafite and the progressive crystal reformation at 400 ºC, 600 ºC, 800 ºC and 1100 ºC. Bottom: Powder diffraction reference file of betafite ignited in argon, from the Basin Property, Bancroft, Ontario. PDF-13-197 [JCPDS, 1980] .
Scanning electron microscopy (SEM) pictures were taken to capture the progressive thermal re-crystallisation at 400 °C, 600 °C, 800 °C and 1100 °C in support of the observations made from the XRD data. As shown in Figure 3 , a random assemblage of crystallites formed on the surface of particles that were heated to 1100 °C. The elemental weight percent, determined via multiple spot point EDX analysis, is shown in Table 3 . Since there was very little aluminium detected in the ICP-MS analysis, the aluminium peak was probably generated from the background noise of the platform and inner chamber of the SEM rather than being part of the sample material. 
Effect of Ferric Sulphate Concentration on the Leaching
The effect of ferric concentration was investigated by leaching betafite with initial concentrations of 11.1, 19.5 and 36.7 g/L Fe 3+ . All test solutions had 57.1 g/L H 2 SO 4 . The
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15 results summarised in Table 4 indicate that the uranium extraction after 48 hours of leaching was > 99 % using the most intensive leaching conditions at 89 °C. The kinetic data for the extraction of uranium calculated based on solution samples is shown in Figure 5 . Figure 6 where it confirms that most of the uranium was extracted from the solid phase. All peaks were re-scaled and normalised to the niobium peak at 2.16 keV.
Figure 6. EDX spectrum of the amorphous leach feed compared to the residue
The weight percent of the elements determined via a five point EDX spot analysis are shown in Table 5 . The initial concentration of ferric was substituted into the theoretical rate expressions (Equations 10 and 11) to derive the reaction rate constant ( ).
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The Log k'vs. Log [Fe 3+ ] plot shown in Figure 7 was used to derive the order of the reaction (a) for the first 3 hours of leaching with respect to the initial ferric concentration.
Figure 7. Log-log plot of reaction rates vs initial ferric concentration
The derived order of the reaction with respect to initial ferric concentration (a) and the R 2 values of the linear expressions are summarised in Table 6 . The apparent extraction rate was faster at 25 °C than at 60 °C for the first 3 hours of leaching after which it rapidly slowed down and plateaued. This could suggest a passivation at 25 °C however the reason for the passivation remains unresolved. A review of the literature could not explain this anomaly and it warrants further investigation. There was no significant change to the order of the reaction with respect to ferric concentration at the temperatures tested.
Effect of Sulphuric Acid Concentration on the Leaching
The effect of sulphuric acid concentration was investigated by leaching betafite with initial concentrations of 53.3, 106.0 and 214.5 g/L H 2 SO 4 . All tests included 2.0 g/L Fe 3+ . The results are summarised in Table 7 and Figure 8 and show that the uranium extraction after 48 hours was > 99.9% using the most intensive leaching conditions at 89 °C. The kinetic data for the extraction of uranium calculated based on solution samples is shown in Figure 8 . The initial rate constant, the order of the reaction with respect to acid concentration and the R 2 value of the linear expressions are presented in Table 8 below. 1.10 0.99
As can be seen Table 8 , both the rate constant and the order of the reactionwith respect to acid concentration increased with an increase in temperature.
Activation Energy and Rate Limiting Process
The rate constants derived from the first three hours of leaching were used to construct
Arrhenius plots which are shown in Figure 10 Figure 10 by the transition from line 4a to 4b.
Figure 10. Arrhenius plots
The apparent activation energies and the rate limiting processes derived from the Arrhenius plots are listed in Table 9 . The typical activation energy ranges for reaction mechanisms proposed in Lasaga [1981] and Langmuir [1997] were used to interpret the results and describe the most likely rate limiting step in the dissolution processes. This suggests that at higher acid concentrations (> 100 g/L H 2 SO 4 ) a chemical reaction possibly controls the rate of the leaching, but the rate appears to become mass transfer controlled at lower acid concentrations (< 50 g/L H 2 SO 4 ). 
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(4b) 5 3 110.5 -Solid State Diffusion
Dissolution Reaction Mechanism
The presented results have shown that uranium extractions of > 99 % can be achieved by leaching at 89 °C either by using solution containing 57.1 g/L H 2 SO 4 and 36.7 g/L Fe 3+ or in solution containing 214.5 g/L H 2 SO 4 and 2.0 g/L Fe 3+ .Since these conditions provided the highest uranium extractions, the first eight hours of the leaching kinetics data from these tests were used to test the validity of the commonly referred leaching kinetic models to establish the likely dissolution reaction mechanism for the natural betafite sample. Figure 11 shows that the shrinking core model was the best fit for the leaching process conducted under conditions involving 57.1 g/L H 2 SO 4 and 36.7 g/L Fe 3+ at 89 °C, which
Varied Ferric Concentration
indicates that the rate of the reaction was mass transport controlled. More specifically, the shrinking core model suggests that the rate constant was controlled by diffusion of species through an inert product layer formed on the surface of the dissolving particles. The shrinking core model was used to calculate the rate constant as 5.19 x 10 -6 s -1 . The shrinking core diffusion model implies that an inert solid product layer formed on the surface of the particles during the leaching. An EDX analysis of the leach residue composition which was presented in Figure 6 , showed that niobium was by far the most abundant element in the solid residue, with minor amounts of tantalum and titanium also
present. These results seem to imply that niobium, tantalum and titanium were the main constituents of the inert product layer.
Varied Acid Concentration
As can be seen in Figure 12 , the shrinking core diffusion model was also a suitable fit for leaching conditions that involved 214.5 g/L H 2 SO 4 and 2.0 g/L Fe 3+ at 89 °C which resulted in a calculated leaching rate constant of 2.0 x 10 -5 s -1 .
Figure 12. Kinetic modelling: Sulphuric acid leach test
Conditions: 214.5 g/L H 2 SO 4 , 2.0 g/L Fe 3+ , 89 °C While the kinetic expressions used in this section are commonly used by hydrometallurgists, the models have numerous limitations and the results should be interpreted as a guide only [Liddell, 2005] .
Examination of Leaching Residues
SEM images of the betafite leach residues that had been leached under oxidative conditions at 89 °C are presented in Figure 13 and Figure 14 .
The leach residues shown in Figure 13 that were leached in 57.1 g/L H 2 SO 4 solution resemble a honeycomb type of matrix of progressively finer sizes at higher ferric concentration,
suggesting that the leaching process may have been diffusion controlled, in agreement with the shrinking core model discussed in Section 3.7.1. The EDX spectrum analysis in Figure 6 showed that the surface composition of the residue material was mainly niobium with minor amounts of tantalum and titanium. The reaction may have been specifically controlled by the diffusion of uranium through a niobium rich product layer. uranium from the betafite is promoted by both the oxidising agent and the acid and it appears that the effect of the latter is mainly related to the dissolution of the other elements in the mineral matrix which in turn enabled the ferric ions to reach the tetravalent uranium and set off reaction (1) followed by reaction (3).
A C C E P T E D
Leaching Studies on the Recrystallised Betafite
Leaching studies were also conducted on recrystallised betafite to determine how the crystallinity would affect the dissolution of uranium at varied leaching temperature, initial acid concentration and initial iron concentration under the same conditions reported above for the natural betafite sample. Very little uranium dissolution occurred in all the leaching tests, with the maximum extraction of 12% U achieved using 57.1 g/L H 2 SO 4 and 36.7 g/L Fe 3+ at 89 °C after 48 hours.
The limited amount of uranium extracted in these tests indicates that the recrystallised betafite was highly stable and virtually inert under the majority of experimental leaching conditions applied. This is contrary to previous leaching studies conducted on a recrystallised brannerite sample, which is also a refractory uranium mineral with a common formula of (U, REE, Th, Ca) (Ti, Fe, Nb) 2 (O, OH) 6 [Mindat, 2013 (b) ], reported by Zhang et al. [2006] .In this work the brannerite was recrystallised in an argon atmosphere for one hour at 1100°C then leached in HNO 3 at 30°C. The study found that the extraction of uranium from the recrystallised brannerite was an order of magnitude higher than the extraction of uranium from the metamict amorphous brannerite under the same test conditions. Zhang et al. [2006] suggested that the thermal recrystallisation promoted the formation of easily leached UO 2 particles, hence the improved leaching rate. Although the general chemical formula of brannerite is somewhat similar to betafite (U,Ca) 2 (Nb,Ta,Ti) 2 O 6 (OH) [Mindat, 2013 (a) ], the composition of brannerite does not commonly include tantalum. The thermal recrystallisation of betafite in the present study appears to have resulted in tantalum enrichment on the surface of the betafite particles, which may be related to the hindered extraction of uranium observed in the leaching test work. The final leach liquors were assayed for tantalum using ICP-AES and showed a correlation between the extraction of uranium and that of tantalum ( Figure 15 ). Niobate-tantalite ores typically require dissolution in concentrated HF or a combination of HF and H 2 SO 4 [Krismer and Hoppe, 1984; Gupta and Suri, 1994; El-Hussaini and El-Hakam Mahdy, 2001; Bose and Gupta, 2002] . The effect of acid concentration on the dissolution of titanium, tantalum and niobium during the leaching of uranium from betafite at 89°C with 2.0 g/L Fe 3+ is shown in Figure 16 . Similar extent of uranium and titanium leaching was observed while the majority of the tantalum and niobium remained in the solid phase after leaching for 48 hours. Partial dissolution of niobium (26%) and tantalum (11%) was only observed at the highest acid concentration. 3+ at 89°C were both practically complete. An economic evaluation should be carried out to determine the ideal balance between the reagent costs and the uranium extraction to be gained.
Conclusions
The practically complete extraction of uranium was observed after leaching amorphous betafite at 89 °C with a combination of either 214.5 g/L H 2 SO 4 and 2.0 g/L Fe 3+ or with 57.1 g/L H 2 SO 4 and 36.7 g/L Fe 3+ over 48 hours. Leaching with the solution containing higher concentrations of ferric ions improved the selectivity for uranium over titanium, tantalum and niobium. This suggests that the effect of the higher acid concentration was to dissolve the mineral matrix facilitating access for the oxidising agent to reach the uranium.
In solutions with higher concentrations of ferric ions, the rate of uranium extraction at 60°C
was lower compared to at 25°C. This may suggest a passivation at 25 °C however the reason
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for the passivation remains unresolved. A review of the literature could not explain this anomaly and the effect warrants further investigation.
The preferred leaching conditions for the extraction of uranium from amorphous betafite observed in this study were 57.1 g/L H 2 SO 4 and 36.7 g/L Fe 3+ at 89 °C for a duration of 48 hours. These conditions were more selective toward uranium dissolution and the majority of the titanium, tantalum and niobium remained in the solid phase.
The recrystallisation of betafite by heat treatment appeared to promote the formation of a tantalum enriched surface layer which may be related to an observed hindered extraction.
This suggests that heat treatment prior to leaching should be avoided.
The natural metamictisation process causes a break down in the betafite crystal structure that is beneficial for the leaching process; therefore deposits containing older, amorphous betafite crystals should be targeted as potential economic sources of uranium in the future.
This study has shown that atmospheric leaching of uranium in betafite is potentially feasible.
Further studies should examine the possibility of preferentially attacking the niobium content in the amorphous betafite matrix, to potentially enable the selective extraction of uranium under more mild leaching conditions.
